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ABSTRACT 
 
 
 
 
The building envelope shape is the most salient design characteristic and has a 
significant influence on energy consumption during the post-occupancy service life. However, 
during the conceptual design phase, envelope shape-finding is defined without considering 
post-occupancy service life energy performance.  This warranted absence of a priori 
knowledge on shape-based convective heat transfer affects indoor environment quality and 
impedes the ability to meet post-occupancy energy performance efficiency requirements.  In 
addition, there is no suitable method for designers by which to make such calculations.  In an 
attempt to optimize energy consumption and reduce the post-occupancy service life in 
efficiency, this research aims to determine building shape energy efficiency using a simulation 
and optimization process that can facilitate the designer’s task during the conceptual design 
phase.  For this purpose, a case study research method and simulation-based particle swarm 
optimization process was conducted.  Foremost, it is pertinent to understand building shape 
behavior in order to improve energy efficiency.  For this, a longitudinal case study set out to 
collect real time energy data and historical building data by a selected unit of analysis Block 
C 02, Faculty of Geoinformation and Real Estate, Universiti Teknologi Malaysia.  The 
building shapes were simulated using thermal transient simulation for heat transfer analysis.  
However, results indicated that a proportionate increase in building shape compactness, aspect 
ratio or coefficient can adversely affect building shape thermal performance, affirming the 
proposition that convective heat transfer and solar radiation have a considerable influence on 
energy consumption based on shape geometrical characteristics. Following this, a varied 
combination of shapes, wall window ratio and glazing energy performance was then analyzed 
using particle swarm optimization to determine the optimal envelope shape combination. The 
results confirmed that, as the shape achieves its geometric efficiency, it appropriates the wall 
window ratio and glazing proportions that reduce convective heat transfer. A design approach 
that can determine shape energy efficiency based on simulation and particle swarm 
optimization was then developed. Further, sensitivity of this design approach was calibrated 
using comparative testing and empirical validation.  The findings provide a benchmark of 
energy consumption based on a combination of envelope shape characteristics, wall window 
ratio and glazing. In conclusion, this research has succeeded in transforming the conventional 
shape-finding process into an integrated simulation-based shape optimization for energy 
efficiency. The major contribution of this research study was that it developed a design 
approach for building shape energy efficiency and optimization. It can facilitate the task of 
designers during the conceptual design phase by disposing of their one-off design solutions 
and making it feasible to conceptualize varied building shapes for energy efficient design 
solutions. 
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ABSTRAK 
 
 
 
 
Reka bentuk luaran bangunan ialah ciri reka bentuk paling penting dan mempunyai 
pengaruh yang ketara ke atas penggunaan tenaga semasa hayat perkhidmatan pasca 
penghunian. Walau bagaimanapun, semasa fasa reka bentuk konseptual, pencarianreka bentuk 
luaran ditentukan tanpa mengambil kira prestasi tenaga hayat perkhidmatan pasca penghunian.  
Ketiadaan pengetahuan mengenai pemindahan haba perolakan berasaskan bentuk 
mempengaruhi kualiti persekitaran dalaman dan menyekat keupayaan untuk memenuhi syarat-
syarat kecekapan prestasi tenaga pasca penghunian.  Sebagai tambahan, tiada kaedah yang 
sesuai untuk pereka membuat pengiraan sedemikian.  Dalam usaha untuk mengoptimumkan 
penggunaan tenaga dan kecekapan hayat perkhidmatan pasca penghunian, kajian ini 
bermatlamat untuk menentukan kecekapan tenaga reka bentuk bangunan menggunakan proses 
simulasi dan pengoptimuman yang boleh memudahkan tugas pereka sewaktu fasa reka bentuk 
konseptual.  Bagi tujuan ini, kaedah kajian kes dan simulasi berdasarkan proses 
pengoptimuman kerumunan zarah telah dijalankan.  Antara yang paling utama adalah untuk 
memahami perlakuan reka bentuk bangunan supaya dapat meningkatkan kecekapan tenaga.  
Oleh itu, satu kajian kes longitudinal dijalankan untuk mengumpul data tenaga masa nyata dan 
data bangunan bersejarah dengan memilih unit analisis Blok C 02, Fakulti Geoinformasi dan 
Harta Tanah, Universiti Teknologi Malaysia. Reka bentuk bangunan telah disimulasi 
menggunakan simulasi sementara terma untuk analisis pemindahan haba.  Namun begitu, hasil 
menunjukkan bahawa peningkatan berkadar dalam kepadatan reka bentuk bangunan, nisbah 
aspek atau pekali boleh memberi kesan buruk kepada prestasi terma reka bentuk bangunan, 
mengesahkan usul bahawa pemindahan haba perolakan dan radiasi suria mempunyai pengaruh 
yang banyak ke atas penggunaan tenaga berdasarkan ciri-ciri geometri reka bentuk. Susulan 
itu, kombinasi reka bentuk, nisbah tingkap dinding dan prestasi tenaga pelicauan yang berbeza 
kemudiannya telah dianalisa menggunakan pengoptimuman kerumunan zarah bagi 
menentukan kombinasi reka bentuk luaran yang optimum.  Keputusan kajian mengesahkan 
bahawa, apabila reka bentuk mencapai kecekapan geometrinya, ia menyesuaikan nisbah 
tingkap dinding dan perkadaran pelicauan yang mengurangkan pemindahan haba perolakan. 
Pendekatan reka bentuk yang boleh menentukan kecekapan tenaga reka bentuk berdasarkan 
simulasi dan pengoptimuman kerumunan zarah telah dibangunkan.  Selanjutnya, sensitiviti 
pendekatan ini telah disahkan menggunakan kedua-dua ujian empirikal dan perbandingan.  
Dapatan tersebut menyediakan tanda aras penggunaan tenaga berdasarkan kombinasi ciri-ciri 
reka bentuk luaran, nisbah tingkap dinding dan pelicauan.  Kesimpulannya, kajian ini telah 
berjaya dalam mengubah proses dapatan reka bentuk lama kepada pengoptimuman reka 
bentuk berasaskan simulasi bersepadu untuk kecekapan tenaga.  Sumbangan utama bagi kajian 
penyelidikan ini adalah ia membangunkan pendekatan reka bentuk untuk kecekapan dan 
pengoptimuman tenaga reka bentuk luaran bangunan.Ia boleh memudahkan tugas pereka 
sewaktu fasa reka bentuk konseptual dengan mengatur penyelesaian reka bentuk sekali mereka 
dan boleh dilaksanakan untuk mengkonsepsikan pelbagai reka bentuk luaran bangunan untuk 
penyelesaian reka bentuk cekap tenaga.  
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Research background  
 
 
In Malaysia, buildings account for 40% of total energy use and 36% of total 
CO2 emissions (Ahamed et al., 2011). According to Adalberth (1997), 65% of the total 
energy use was consumed during the operation phase, which is post-occupancy, rather 
than the construction and demolition phases. For instance, in the building life cycle 
energy phase of a building (i.e. pre-use, use-phase, maintenance and demolition 
phase), in particular the building use-phase (operation phase) energy utilization is 
much higher than other phases due to failures. This increasing energy demand is 
foreseen as a Facilities Management (FM) maintenance threat that gradually affects 
resultant performances and increases the life cycle cost by 15% (Da Silva et. al., 2012).  
This is an indication of the importance of reducing post-occupancy phase energy 
consumption.  For instance, FM comprises and integrates multiple disciplines (i.e. 
people, place, technology and process).  These partly render their services for the up-
keep of the implicit building performance maintenance aspects such as indoor thermal 
comfort, IAQ, IEQ, energy maintenance as well as occupant health and hygiene that 
predominantly contribute to the success of the core competency of business 
productivity (Al Horr et al., 2001).  In a trending business requirements environment, 
if productivity is to be achieved it is pertinent to provide high performance solution 
space that meets optimal indoor environment quality and thermal comfort conditions.  
This requires a better air exchange rate that can be achieved only by heavy utilization 
HVAC that prevents heat gain. Consequently, this  increases post-occupancy service 
life energy consumption in terms of energy use in buildings (Asif, Muneer and  Kelley, 
2007).  According to Gupta and Chandiwala (2010), issues of thermal comfort, IAQ, 
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IEQ and lighting control are regulated only by building envelope attributes in order to 
prevent thermal transfer.  For instance, building envelope performance is one of the 
intervening causes for heat gain, as well as a poor air exchange rate which can 
influence thermal comfort and humidity (Bell et al., 2010).  This contributes to a 
negative effect that causes deterioration of indoor environmental quality, sensorial 
disturbances and psycho-social illnesses (i.e. stress, sick building syndrome) thereby 
depriving occupants of productivity (Gou and Lau, 2012; Aguilera, et al., 2013).  
However, energy consumption and energy use varied by occupant archy-type and 
behavior might also contribute to performance failure (Roetzel and Tsangrassoulis, 
2012). However, it was largely affected by not considering pre-requisites of facility 
management’s energy maintenance in order to achieve energy efficiency during the 
conceptual design phase (Eberhard, 2003; Hossein et al., 2013).  This further resulted 
in 11% of performance failures, namely: 40% energy loss annually attributed to the 
design of that account for 50% and failure to respond to abrupt climate changes (Rivar 
et al.,1995).  This led to a deviation in actual energy performance as predicted in design 
(Roetzel and Tsangrassoulis, 2012).  The deeper underlying factors for this energy 
performance failure and gap, namely, the implementation of sustainable passive design 
standards, policies and framework are believed to contribute towards optimistic design 
predictions that achieve energy efficiency (Hernandez and Kenny, 2010; Tofield, 
2012; Attia et al., 2013).  In addition, envelope designs that need to be tested 
quantitatively are often overlooked by designers (Gucyeter and Gunaydin, 2012).  This 
comes about because designers focus on solving spatial design issues that do not 
proceed by form following function nor do they bother to adhere to energy efficiency 
issues during the conceptual design phase (Torres and Sakamoto, 2007; Cetiner and 
Edis, 2013). This has warranted flexibility for changing needs as part of building shape 
requirements for diminished performance optimization (Catalina and Iordache, 2012).  
On the other hand, a one-off design solution drastically reduces the possibility of shape 
behavior being examined to achieve reliable energy efficiency (Coelho and de Brito, 
2013).  In such a complex iterative design process, a designer may not be able to fully 
realize and predict energy performance, since energy systems in buildings are 
relatively complex and there exists a high probability for over-specifying HVAC 
(Maile, Fischer and Bazjanac, 2007; Yassin, 2011).  This has resulted in an inadvertent 
increase in post-occupancy energy consumption.  Hence, this proves there is a dearth 
of knowledge in envelope shape design, size, window and glazing that could support 
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HVAC efficiency.  On the other hand, there is currently no approach that establishes 
envelope combinatorial performance quantitatively for better design decision-making.  
Therefore, the prevailing methods for predicting the energy of buildings during the 
design stage are rudimentary for design application. This vindicates the theory that 
envelope shape design attributes reduce energy consumption and act as a system/sub-
system to provide climate response, (Sozer, 2010; Stavrakakis et al., 2012c; Favoino 
et al., 2014).  Therefore, it is pertinent to augment envelope shape design using 
simulation and optimization methods that can reduce the energy performance gap. 
 
 
 
 
1.1.1 Building envelope energy performances 
 
 
 Building envelope design has become an integral part of a sustainable building 
design approach that regulates total building performance attributes including: energy 
performance; indoor environmental quality; provision of protection from extreme 
outdoor heat; humidity control; thermal affects and prevention of noise (Jin, Overend 
and Thompson, 2012).  Su and Zhang (2010) argued that envelope design has the 
greatest influence on life cycle building energy and accounts for more than 50% of the 
energy performance gap and post-occupancy performance failure.  For instance, 
excessive window glazing in envelope design accounts for more than 30% of the heat 
gain and thermal radiation into indoor space (Department Energy Studies, USA, 2012) 
(Gucyeter and Gunaydin, 2012; Cetiner and Edis, 2013).  According to Gustavsen et 
al. (2010) large panes of glazing may contribute to high thermal convection and 
radiation that can lead to excess heat flux that increases indoor envelope surface 
temperature. Kim (2011) argued that an undesired solar load causes penetration of not 
only light, but radiation of 87% to 95%.  Consequently, this results in either a heat loss 
or heat gain effect on post-occupancy energy consumption.  Similarly, state-of-the-art 
window technologies, calculation of ratio between wall and window (Wall Window 
Ratio (WWR)) and glazing distribution by solar heat gain co-efficient (SHGC) and 
corresponding lower U value might not adequately represent building energy 
consumption (Goia, Perino, and Serra, 2013). This can result in the design of a wall 
window ratio that adversely affects indoor thermal comfort and causes sick building 
syndrome (SBS) (Jones, Lannon, and Williams, 2001; Cetiner and Edis, 2013).  It is 
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further justified by Bhola et al. (2000) who stated that even 20% thermal mass 
discrepancy in an envelope may affect occupant thermal comfort in a mechanically-
ventilated building (i.e. air-conditioned building).  Considering the issues pertaining 
to energy consumption, Konis (2013), confirmed that lack of focus on envelope shape 
during the conceptual design phase posed a challenge that could impact on energy 
performance failure.  In addition, the arguments of Goia et al. (2013) proved that 
without an appropriate geometrical profile, designers fail to gauge the accuracy of 
energy performance only by envelope materials.  This proves that building shape 
characteristics such as compactness, coefficient and aspect ratio influences heat 
transfer, in addition to window and glazing combination.  Therefore, it is pertinent to 
have appropriate shape characteristics during the conceptual design stage.  
 
 
Envelope shape is usually defined in the early design stages and is most likely 
to suffer little change until the end of the design process.  The energy consumption 
values are never calculated during the conceptual design phase, due to a lack of design 
information and extensive modelling requirements for energy simulation. These are 
considerably time-consuming, as the design of the shape is mostly performed by “rule 
of thumb” (Goia et al., 2013). Although the guideline facilitates the role of the 
designer, it is often not sufficient for more complex design projects. Therefore, in a 
long building lifecycle the issue of building shape plays a pivotal role in improving 
the resultant performance of the buildings (Huang et al., 2007). Therefore, choice of 
building shape is significant in the case of achieving energy efficiency (Wang et al., 
2006). Enforcing regulation through envelope shape efficiency can assess the shape 
behavior against heart transfer variables such as radiation and thermal infliction which 
could prevent energy performance failure. To achieve shape-based energy 
optimization, there is a need for a divisive design approach that can aid a designer 
during the conceptual design phase.  
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1.1.2 Building envelope methods, approaches and simulation in design process 
 
 
In design, applications of simulation and optimization are in the frontline to 
address building energy performances issues.  They are mostly concerned with 
addressing discrete variables such as building materials, insulation, glazing type and 
shading devices respectively. For example, Kim (2011) describes a design of carbon 
reduction method which used low-E-coated glass. This is a transparent composite 
façade system which failed to reflect heat and counter heat gain or heat loss. Similarly, 
Gou and Lau (2012), and Tzempelikos, Athienitis, and Karava (2007), developed an 
alternate method that uses operable window and shading devices to curb heat gain.  
Susorova et al. (2013), found that an embedded vegetative technique might improve 
thermal behavior by preventing evapo-transpiration and convective heat exchange 
between vegetation and an envelope layer.  Cetiner and Edis (2013), studied various 
proportions of WWR for building an envelope that considered orientations, 
dimensions and thermal insulations. Su and Zhang (2010) suggested a life cycle 
assessment approach that analyzed the environmental impact of envelope 
heterogeneous variables such as window types and WWR.  Although Goia et al. (2013) 
proved how robust window design could reduce heat gain and heat loss from 9% to 
15%, this still depends largely on window type (i.e. super window). However, the life 
cycle assessment that is made for windows does not seem to contain viable decision 
methods during the conceptual design phase.  Further, it is less predictable without 
adequate design information. Therefore, Choi, Loftness and Aziz (2012), ascertained 
that a less-informative design phase (i.e. conceptual design) is advisable by which to 
use widely-accepted design-based IEQ guidelines (i.e. Building Research 
Establishment Environmental Assessment Method; LEED- The Leadership in Energy 
and Environmental Design; HK-BEAM – Hong Kong Building Environmental 
Assessment Method; and BEES-Building for Environmental and Economic 
Sustainability) so as to help a designer.  However, Catalina et al. (2013), argued that 
most performance failures occurred due to the lack of a reliable expert system that 
could integrate design data such as shape, WWR, climate data, orientation, envelope 
material properties, and window properties respectively.  
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The research noticed an increasing tendency to use more simulation and 
optimization during the detailed design phase. For instance, Bouchlaghem (2000) 
proposed a graphical model that can simulate thermal performances; this could be 
applicable during the detailed design phase. The graphical model requires detailed 
information such as envelope material characteristics that were not available during 
the conceptual design phase. Sozer’s (2010) multi-criteria decision-making approach 
tested the thermal performance of single glass with insulated window, double glazed 
window and Low-E glass components respectively.  According to Rapone and Saro 
(2012), thermal comfort index is not achievable without ‘U’ value. Findings from these 
studies indicated that there is a possibility to curb latent radiation but composition of 
glazing, shading devices alone is not an efficient mechanism by which to obtain 
optimum facade performance.  Therefore, Zemella et al. (2011) proved that single 
objective and multi-objective optimization can enable designers to select envelope 
options based on energy consumption range but not cause an inflictive relation 
between the variables. Therefore, Han et al. (2007), proposed a regression model that 
could evaluate heterogeneous variables (i.e. U values, orientation, shading devices, 
length).  Similarly, according to Leskovar and Premrov, (2011), mathematical 
interpolation considers a number of variables such as material properties, plan aspect 
ratio, ceiling heights, orientations, ventilation rate, glazing and shading. However, 
through the use of multi-criteria optimization, it is possible to achieve total 
performance, but inflictive variance for WWR is not achievable and was not applicable 
during the conceptual design phase (Jin, Overend and Thompson, 2012). 
 
 
 The challenge for the above-discussed studies is to design and identify the 
optimal solution for facade based on solar radiation, IEQ performance, window 
performances and glazing respectively.  Considering an exclusive set of conditions 
might not be feasible to make an appropriate design decision during the conceptual 
design phase. This proves that facade performance is not defined solely by 
homogenous variables that set energy inertia for optimization.  Very few studies have 
addressed in combination the elements of façade, using two and not more than four 
variables.  The empirical evidence of post-occupancy data proves that envelope 
variables are inter-related, which inflict upon one another for heat transfer. 
Encouraging the application of these methods during the conceptual design stage has 
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failed to facilitate the task of a designer and is possible only with larger design data 
that could be obtainable during a detailed design phase. This research emphasizes that 
the resultant performance failure in building is influenced by combinatorial envelope 
variables that were not researched to a large extent.  In addition, none of the above 
studies considered the use of the shape variable to find their relative effect on WWR 
and glazing proportion. Therefore, this research posits that there is a lack of a holistic 
approach that could identify appropriate shape, WWR and glazing for energy 
efficiency during the conceptual design phase. 
 
 
 
 
1.2 Problem statement  
 
 
The envelope shape of a building is the most salient design characteristic and 
has a significant influence on energy consumption during the post-occupancy service 
life of the structure. However, during the conceptual design phase, envelope shape-
finding is defined without considering the energy performance required during post-
occupancy service life. This warranted absence of a priori knowledge on shape-based 
convective heat transfer affects indoor environment quality and can impede post-
occupancy energy performance efficiency.  For instance, poor building shapes and 
inadequate proportions of WWR and glazing are recognized as significant causes for 
undesired heat gain and thermal convection (Konis, 2013).  This influence of thermal 
discomfort and poor indoor environmental quality has become a prime cause for 
occupant sensorial unpleasant symptoms and psycho-social illness (sick building 
syndrome).  Furthermore, the larger deviation between the designed building and the 
actual built energy performance, proves that a designer could not efficiently gauge the 
accuracy of energy assumptions during the conceptual design phase (Stiny, 2006; 
Fernandes et al., 2014).  The approaches and methods that were discussed in Section 
1.1.2 addressed only homogenous envelope variables and not a combination of factors 
(i.e. WWR and glazing; glazing kind and shading devices; window types and shape).  
These sought to improve indoor environmental quality and energy performance 
efficiency.  Therefore, not enough investigation has been conducted into the pursuit of 
validating the building envelope shape variables in combination such as shape 
compactness, coefficient, aspect ratio, WWR and glazing against heat transfer 
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variables.  This proved that the research gap is significant in order to reduce design-
influenced energy performance failure and variance in post-occupancy energy 
consumption.  Therefore, it can be seen as a phenomenon that needs further 
investigation so as to develop a simulation-based optimization approach that facilitates 
the task of the designer during the conceptual design phase.  To address the research 
problem, this study developed two main research questions (RQ).  RQ 1 seeks to 
investigate the landscape of post-occupancy energy performance issues, failures 
pertaining to envelope design and formulation of combinatorial variables that 
influence post-occupancy energy performances. RQ 2 is further divided into three sub-
RQs which aim to answer the following: shape influenced energy performance; 
identification of appropriate shape combinations; and developing a designer approach 
for energy efficiency.  This approach enables a designer to quantify the impact of 
envelope shape and compare it with swarm of various design alternatives for ‘n’ best 
design solutions. Answering these research questions develops a benchmark for 
various shape compactness in order to achieve optimal thermal and energy 
performances.   
 
RQ 1: What are the combinatorial design-based envelope variables that affect the 
energy performance? 
 
RQ 2: How can appropriate building shape for energy optimization be identified? 
 
Sub RQ 2a:  How does building shape influence post-occupancy energy   
performance?  
Sub RQ 2b: What is the appropriate envelope combination (building shape, WWR 
and glazing) needed to improve energy optimization? 
Sub RQ 2c:  How can a design approach that will enable designers to predict 
building shape behavior against energy performance be developed?  
 
 
 
 
1.3 Proposition 
 
 
 Based on the extensive review of envelope energy performance issues and 
identified research problems, this research theorized two propositions that needed to 
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be tested by simulation.  Through the formulation of Proposition 1 and Proposition 2, 
this study answers the research questions.  Proposition 1 examines the various 
primitive and non-primitive building shape energy performance behavior and 
identifies their relationship with heat transfer variables.  Proposition 2 theorized based 
on WWR and glazing proportions a combinatorial relationship with shape that inflicts 
a heat transfer variable.  Both these propositions set the way forward to developing an 
approach that could determine building shape efficiency during the conceptual design 
phase. 
 
 
Proposition 1: For a building shape that influences energy performance  
 
“Proportionate increase in either building shape compactness, aspect ratio or 
coefficient adversely affects the building shape thermal performance such as heat 
transfer. Similarly, solar radiation has a high influence on energy consumption based 
on shape geometrical characteristics”  
 
 
Proposition 2: For appropriate shape, WWR and glazing combination 
 
“As the shape compactness, shape coefficient and aspect ratio achieves its geometric 
efficiency, appropriate WWR and glazing proportions that optimize energy 
performance are developed”.  
 
 
 
 
1.4 Aims and objectives  
 
 
The aim of this research is to determine building shape energy efficiency using 
simulation and optimization. This is expected to enhance the building shape-finding 
process during the conceptual design stage in order to obtain an effective building 
shape that could achieve energy efficiency.  However, there is a distinctive difference 
in conceptualizing a building shape that considers various design constraints in an 
iterative design process (Jaganathan et al., 2013).  Nevertheless, if the shape-finding 
process integrates simulation and optimization during the conceptual design stage, it 
is possible to predict accruable energy performance and curb design-influenced energy 
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performance failure.  This approach examines the shape energy performance behavior 
during the conceptual design phase and enables a designer to find the best fit shape-
based design solution and reduce post-occupancy performance failures.  
 
 
The aim of this research is to achieve a break-down of the following objectives.  
In pursuit of addressing the issue of shape-based energy optimization, the first 
objective investigates energy performance issues and design failures.  Thus, there is a 
requirement to formulate variables that need to be considered during the conceptual 
design phase.  These justified, shape-based variables need to be incorporated into the 
thermal transient simulation process.  The second objective is to simulate the various 
primitive and non-primitive building shapes so as to understand the energy 
performance behavior pertaining to the heat transfer variable and identify their 
relationship. Thus, we proceed to the third objective which is to develop a design 
approach for energy efficiency that can facilitate the task of the designer during the 
conceptual design phase. 
 
Objective 1: To formulate envelope shape variables that influence post-occupancy 
energy performance.  
Objective 2: To investigate various building shape influences on energy performances 
by simulation.  
Objective 3: To develop a design approach for building shape energy optimization  
 
 
 
 
1.5 Research methodology 
 
 
Many design researchers conducted a simulation to evaluate building 
performance considering homogenous and heterogeneous variables ( Mc Keen and 
Fung, 2014; Mangkuto, Rohmah and Asri, 2016).  In particular, the meta-heuristic 
evolutionary multi-objective optimization algorithm (i.e. genetic algorithm, artificial 
neural network and particle swarm optimization) was the applied method by which to 
estimate, evaluate and predict energy performance, IAQ, and IEQ.  For instance, Holst 
(2003) used a genetic optimization approach and energy in their case study in order to 
minimize energy use and developed a comfort metric for indoor environmental 
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comfort. Similar approaches were carried out by Torres and Sakamoto (2007) and 
Gagne and Anderson (2010); both used a genetic algorithm to achieve optimized 
daylight availability.  To determine a link between design and post-occupancy energy 
performance, Bambrook et al. (2011) and Schnier and Gero, (1998) used a “brute-
force” method and e-quest to minimize energy use and reduce carbon emissions.  This 
was achieved by varying building fabric properties such as glazing and mechanical 
ventilation of a building.  Most of the said meta-heuristic approaches evaluated 
heterogeneous envelope variables such as: windows; type of glazing; glazing 
proportions; and shading devices for energy optimization (Al-Homoud, 1997a, 2005b; 
Caldas and Norford, 2003; Torres and Sakamoto, 2007; Znouda et al., 2007; Wright 
and Mourshed, 2009; Manzan and Pinto, 2009).  These studies justify the use of a 
coupled approach for simulation energy performance optimization.  On this basis, the 
current study investigates shape energy performance behavior as against heat transfer 
variables by using CFD simulation and particle swarm optimization.  Further, Coley 
and Schukat (2002) affirm that, in order to collect multiplicity of empirical data, the 
case study is an appropriate approach through which simulation and Particle Swarm 
Optimization (PSO) could be explored.  This case study approach enables the 
simulation of the effect of thermal flow impact on primitive and non-primitive shape 
cooling load.  
 
 
The case study approach was employed to collect real time data by way of 
interviews, direct observations, and archival data (i.e. building information) which 
enabled a base line model to be developed. With the help of a baseline model, transient 
simulations were conducted for primitive and non-primitive building shapes as against 
heat transfer and radiation.  Varied combinations of shape energy performances were 
optimized by using particle swarm optimization to find ‘n’ best envelope shape 
combination.  The outcome of this approach was further validated by using sensitivity 
analysis for calibration.  The case study research and their components are briefly 
discussed and shown in Figure 3.1 in Chapter 3. 
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1.6 Significance of research 
 
 
 This study supports the integration of a shape-based energy efficiency design 
solution during the conceptual design phase that uses simulation and optimization 
respectively.  Moreover, the study supports the possibility to predict accruable post-
occupancy service life energy performances. It can also help a designer to select energy 
efficiency based design solutions in several design alternatives and discard one-off 
design solutions.  It has the potential to close the gap between the accruable energy 
performance during the conceptual design phase and actual energy performance during 
post-occupancy service life. Furthermore, extensive investigations of the past thirty 
years of research works and empirical data clearly proves that considering energy 
optimization is most important during the conceptual design phase to reduce post-
occupancy performance failures.  A thorough literature review has indicated the 
knowledge gap; that is, there is a need for an approach that should be developed based 
on building shape energy efficiency. For instance, it was determined that the lack of a 
holistic design approach, studies relating to building energy performance and their 
findings were conceptual and could be attributed to post-occupancy performance 
failures.  Secondly, existing optimization models, recommendations and guidelines 
(i.e. BREEAM, LEED, HK-BEAM, BEES, GBI-Malaysia) that fail to consider design 
variables such as shape, besides material input in a detailed iterative simulation were 
considered.  Moreover, most of the approaches that were complex and time-consuming 
could be used only in the detailed design stage. Lastly, literature reiterates that post-
occupancy energy performance failures in buildings adversely affect total building 
performances such as IEQ, thermal performance, health and hygiene, and occupant 
productivity.  To overcome all these energy performance failures, it is necessary to 
develop a design approach that can incorporate shape-based energy optimization 
during the conceptual design phase.  Therefore, the study sets the investigation 
strategically in two major phenomena that are lacking in the contemporary design 
approach: 
 
I. Envelope shape design should respond to post-occupancy energy performances.   
II. It is necessary to develop an integrated optimization approach during the 
conceptual design phase with reference to case-based building energy 
performance for reducing design failures.  
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1.7 Organization of the thesis 
 
 
 This thesis is organized into six chapters as follows. 
 
Chapter 1 presents the research background, problem statement, research question, 
aims and objective of this research, summary of research methodology and 
significance of research study. 
 
Chapter 2 presents a thorough literature review related to this research work.  In this 
chapter, the discussion sets its focus on post-occupancy energy performance failure, 
design led flaws in performance gap, governing performance envelope attributes in 
addition to energy performances methods, measures, and models.  The knowledge gap 
is outlined and discussed with the need for methods that identify the envelope shape 
and optimization models during the design phase. 
 
Chapter 3 presents a review of research approaches relevant to this study and makes 
comparisons for identifying suitable research methods.  The research framework 
explains components of case study, baseline model for transient simulation of various 
shape cluster energy consumption and optimization methods to identify appropriate 
envelope shape.  Lastly, the approach is validated using sensitivity analysis for 
calibration. 
 
Chapter 4 presents the results and analysis of data collected during the case study as 
explained in Chapter 3.  Reporting the findings relies on simulation of various shape 
cluster results.  Results of shape cluster are interrelated with shape and heat transfer 
variables.   
 
Chapter 5 presents the discussion of major findings of simulations and validation of 
the design approach that has been developed.  The first part of this chapter is dedicated 
to discussion of various shapes’ energy consumption while the second part elaborates 
upon the evolutionary design approach.  The last section describes the two step 
validation process for the evolutionary optimization approach for envelope shape 
design. 
  
14 
 
Chapter 6 summarizes the whole thesis and its findings.  It discusses the usefulness 
of the simulation and optimization approach during the conceptual design phase. The 
optimization approach is described and recommendations for further research when 
applying integrated simulation and optimization are also provided.  Finally, the chapter 
concludes by highlighting the knowledge contribution of the thesis as well as its impact 
on professional practice.   
  
137 
 
 
 
 
 
 
REFERENCES 
 
 
 
 
Adalberth, K. (1997). Energy use during the Life Cycle method. Building and 
Environment, 32(4), 317–320. 
Adamski, M. (2007). Optimization of the form of a building on an oval base. Building 
and Environment, 42(4): 1632–1643.  
Ahamed, J. U., Saidur, R., Masjuki, H. H., Mekhilef, S., Ali, M. B., & Furqon, M. H. 
(2011). An application of energy and exergy analysis in agricultural sector of 
Malaysia. Energy Policy, 39(12), 7922–7929.  
Aguilera, G. D., Lagüela, S., Rodríguez-Gonzálvez, P., & Hernández-López, D. 
(2013). Image-based thermo graphic modeling for assessing energy efficiency of 
buildings façades. Energy and Buildings, 65, 29–36.  
Aksoy, U. T., & Inalli, M. (2006). Impacts of some building passive design parameters 
on heating demand for a cold region. Building and Environment, 41(12): 1742–
1754. 
Alanzi, A., Seo, D., & Krarti, M. (2009). Impact of building shape on thermal 
performance of office buildings in Kuwait. Energy Conversion and Management, 
50(3): 822–828.  
Al-Homoud M.S. (1997a)Optimum thermal design of office buildings. International 
Journal of Energy Research, 1997;21. 
Al-Homoud MS. (2005b). A systematic approach for the thermal design optimization 
of building envelopes. Journal of Building Physics; 29 (2) : 95–119. 
Al-Homoud MS. (2009c). Envelope thermal design optimization of buildings with  
intermittent intermittent occupancy. Journal of Building Physics, 33 (1): 65–82. 
Al Horr, Y., Arif, M., & Mazroei, M. K., Elsarrag, E. (2016). Occupant productivity 
and office indoor environment quality: A review of the literature. Building and 
Environment, 105: 369-389. 
Amiri, S. S., Mottahedi, M., Asadi, S., & Riley, D. (2015). Development and 
validation of regression models to predict annual energy consumption of office 
138 
 
buildings in different climate regions un the United Stated. International 
Construction Specialty Conference of the Canadian Society for Civil Engineering 
(ICSC), 8-10 June, Vancouver, British Columbia, 1-8.  
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 
(2010). Ashrae standard 90.1. Atlanta, GA 
Asif, M., Muneer, T., & Kelley, R. (2007). Life cycle assessment: A case study of a 
dwelling home in Scotland. Building and Environment, 42(3): 1391–1394.  
Attia, S., Hamdy, M., O’Brien, W., & Carlucci, S. (2013). Assessing gaps and needs 
for integrating building performance optimization tools in net zero energy 
buildings design. Energy and Buildings, 60, 110–124.  
Augenbroe, G. (1992). Integrated building performance evaluation in the early design 
stages. Building and Environment, 27(2), 149–161.  
Augenbroe, G., & Hensen, J. (2004). Simulation for better building design. Building 
and Environment, 39(8), 875–877.  
Averil M. Law & W.David Kelton. (1997). Simulation & Analysis. McGraw-Hill 
Higher Education, New York.  
Azar, E., & Menassa, C. (2011). Agent-based modeling of occupants and their impact 
on energy use in commercial buildings. Journal of Computing in Civil 
Engineering, 26: 506–518.  
Balocco, C., Grazzini, G., & Cavalera, A. (2008). Transient analysis of an external 
building cladding. Energy and Buildings, 40 (7): 1273–1277.  
Bambrook, S. M., Sproul, A. B., & Jacob, D. (2011). Design optimisation for a low 
energy home in Sydney. Energy and Buildings, 43(7): 1702–1711.  
Bell, M., Wingfield J., Miles-Shenton, D., Seavers, J. (2010).  LowCarbonHousing: 
Lessons from  Elm Tree Mews, Joseph Rowntree Foundation, York. 
Bichiou, Y., & Krarti, M. (2011). Optimization of envelope and HVAC systems 
selection for residential buildings. Energy and Buildings, 43(12), 3373–3382.  
Bluyssen, P. M., & Cox, C. (2002). Indoor environment quality and upgrading of 
European office buildings. Energy and Buildings, 34(2): 155–162.  
Benbasat, I., Goldstein, D.K. and Mead, M. (1987). The Case Research Strategy in 
Studies of Information Systems. MIS Quarterly, 11 (3): 369-386. 
Bholah, R., Fagoonee, I. and Subratty, H. (2000). Sick building syndrome in 
Mauritius: are symptoms associated with the office environment?. Indoor and 
Built Environment, 9 (1) : 44-51. 
139 
 
Bostanciogˇlu, E. (2010). Effect of building shape on a residential building’s 
construction, energy and life cycle costs. Architectural Science Review, 53(4): 
441–467.  
Brager, G. S.; De Dear, R. J. (1998). Thermal adaptation in the built environment: a 
literature review; Energy and Buildings, 27: 83-96. 
Bouchlaghem, N. (2000). Optimising the design of building envelopes for thermal 
performance. Automation in Construction, 10 (1): 101–112.  
Bucking, S., Zmeureanu, R., & Athienitis, A. (2014). A methodology for identifying 
the influence of design variations on building energy performance. Journal of 
Building Performance Simulation, 7(6): 411–426.  
Building Energy survey conducted for UK, US and China. 2008. United nation 
Environment program, Building energy data book-2008  
Byrd, H., & Leardini, P. (2011). Green buildings: Issues for New Zealand. Procedia 
Engineering, 21: 481–488.  
Byrd Hugh, (2012). Post-occupancy evaluation of green buildings: the measured 
impact of over-glazing. Architectural Science Review, 55(3): 206-212) 
Caldas, L. G., & Norford, L. K. (2003). Genetic Algorithms for Optimization of 
Building Envelopes and the Design and Control of HVAC Systems. Journal of 
Solar Energy Engineering, 125(3), 343.  
Candanedo, L., Handfield, L., Karava, P., Bessoudo, M., Tzempelikos, A., & 
Athienitis, A. (2007). Airflow and thermal simulation in a controlled test chamber 
with different heating configurations using. The 2nd Canadian Solar Buildings 
Conference- 2007.  1-4 September, Calgary, Canada: Solar buildings,1-8. 
Carmody, J., & Haglund, K. (2012). Measure Guideline : Energy-Efficient Window 
Performance and Selection. Energy efficiency and Renewable energy. US 
department of Energy. USA. 1-65. 
Carbon compliance report: What is the appropriate level for 2016?.  Zero Carbon Hub, 
London office, 62-68 Rosebery Avenue, London EC1R 4RR. 1-13. 
Castro-Lacouture, D., Sefair, J. a., Flórez, L., & Medaglia, A. L. (2009). Optimization 
model for the selection of materials using a LEED-based green building rating 
system in Colombia. Building and Environment, 44(6): 1162–1170. 
Catalina, T., & Iordache, V. (2012). IEQ assessment on schools in the design stage. 
Building and Environment, 49:129–140.  
Catalina, T., Iordache, V., and Caracaleanu, B., (2013). Multiple regression model for 
140 
 
fast prediction of the heating energy demand. Energy and Buildings, 57: 302-312. 
Cetiner, I., & Edis, E. (2013). Assessing the effect of facade variations on post-
construction period environmental sustainability of residential buildings. 
Sustainable Cities and Society, 6(1): 68–76.  
Chandratilake, S. R., & Dias, W. P. S. (2013). Sustainability rating systems for 
buildings : Comparisons and correlations. Energy, 59: 22–28.  
Chappells, H., Shove, E. (2005). Debating the future of comfort: environmental 
sustainability, energy consumption and the indoor environment, Building 
Research & Information, 33(1): 32-40 
Chen, Q., Lee, K., Mazumdar, S., Poussou, S., Wang, L., Wang, M., & Zhang, Z. 
(2010). Ventilation performance prediction for buildings: Model assessment. 
Building and Environment, 45(2): 295–303.  
Choi, J., Loftness, V., & Aziz, A. (2012). Post-occupancy evaluation of 20 office 
buildings as basis for future IEQ standards and guidelines. Energy & Buildings, 
46, 167–175.  
Ciampi, M., Leccese, F., & Tuoni, G. (2003). Ventilated facades energy performance 
in summer cooling of buildings. Solar Energy, 75: 491–502.  
Cetin, K. S., Manuel, L.,  Novoselc, A. (2016). Thermal comfort evaluation for 
mechanically conditioned buildings using response surfaces in an uncertainty 
analysis framework. Science and Technology for the Built Environment , 22:140–
152. 
Coley, D. A., & Schukat, S. (2002). Low-energy design: Combining computer-based 
optimisation and human judgement. Building and Environment, 37(12), 1241–
1247.  
Coelho A, de Brito J. Influence of construction and demolition waste management on 
the environmental impact of buildings. Waste Manage 2012;32(3):532–41. 
Cui, W., Cao, G., Ouyang, Q., & Zhu, Y. (2013). Influence of dynamic environment 
with different airflows on human performance. Building and Environment, 62: 
124–132. 
Da Silva P. C., Leal, V., & Andersen, M. (2012). Influence of shading control patterns 
on the energy assessment of office spaces. Energy & Buildings, 50:35–48.  
de Wilde, P. (2014). The gap between predicted and measured energy performance of 
buildings: A framework for investigation. Automation in Construction, 41: 40–
49. 
141 
 
Depecker, P., Menezo, C., Virgone, J., & Lepers, S. (2001). Design of buildings shape 
and energetic consumption. Building and Environment, 36: 627–635. 
Domínguez-Muñoz, F., Cejudo-López, J. M., & Carrillo-Andrés, A. (2010). 
Uncertainty in peak cooling load calculations. Energy and Buildings, 42(7), 
1010–1018.  
Donn, M. (2001). Tools for quality control in simulation. Building and Environment, 
36, 673–680. 
Dias, L., Raimondo, D., Paolo, S., & Gameiro, M. (2014). Energy consumption in 
schools – A review paper. Renewable and Sustainable Energy Reviews, 40, 911–
922.  
Dutton, S. M., & Fisk, W. J. (2014). Energy and indoor air quality implications of 
alternative minimum ventilation rates in California offices. Building and 
Environment, 82: 121–127.  
Tuhus-Dubrow, D., & Krarti, M. (2010). Genetic-algorithm based approach to 
optimize building envelope design for residential buildings. Building and 
Environment, 45(7): 1574–1581.  
Edwards, L., & Torcellini, P. (2002). A Literature Review of the Effects of Natural 
Light on Building Occupants. Colorado: National Renewable Energy Laboratory 
– U.S. Department of Energy, (July), 58.  
Energy, U. S. D. of. (2013). Selecting Windows for Energy Efficiency New, 1–6. 
Evins, R. (2013). A review of computational optimisation methods applied to 
sustainable building design. Renewable and Sustainable Energy Reviews, 22: 
230–245. 
Evins, R., Allegrini, J., & Moonen, P. (2014). Emulating site specific wind flow 
information for use in building energy simulations. Building Simulation and 
Optimization Conference, London, England. 
Eisenhardt K. M. (1989). Building Theories from Case Study Research. Academy of 
Management Review, 14: 532-550. 
Eberhart, R. C., & Shi, Y. (1999). Empirical study of particle swarm optimization. 
Proceedings of the 1999 Congress on Evolutionary Computation, Piscataway, 
NJ, 1945-1950. J 
Fan, Y., & Ito, K. (2012). Energy consumption analysis intended for real office space 
with energy recovery ventilator by integrating BES and CFD approaches. 
Building and Environment, 52: 57–67.  
142 
 
Feng, Y. & Yang, H., (2001). Defining the area ratio of window to wall in ‘design 
standard for energy-efficiency of residential buildings in hot summer and cold 
winter zone. Journal of Xi'an University of Architecture & Technology, 33: 348–
351. 
Favoino, F., Goia, F., Perino, M., & Serra, V. (2014). Experimental assessment of the 
energy performance of an advanced responsive multifunctional façade module. 
Energy and Buildings, 68: 647–659.  
Fernandes, L. L., Lee, E. S., Dibartolomeo, D. L., & Mcneil, A. (2014). Monitored 
lighting energy savings from dimmable lighting controls in The New York Times 
Headquarters Building. Energy & Buildings, 68, 498–514.  
Fernandes, L. L., Lee, E. S., McNeil, A., Jonsson, J. C., Nouidui, T., Pang, X., & 
Hoffmann, S. (2015). Angular selective window systems: Assessment of 
technical potential for energy savings. Energy and Buildings, 90: 188–206.  
Florides, G.A.; Tassou, S.A.; Kalogirou, S.A.; Wrobel, L.C. (2002). Measures used to 
lower building energy consumption and their cost effectiveness. Applied Energy, 
73: 299–328 
Foucquier, A., Robert, S., Suard, F., Stéphan, L., & Jay, A. (2013). State of the art in 
building modelling and energy performances prediction: A review. Renewable 
and Sustainable Energy Reviews, 23: 272–288.  
Fumo, N. (2014). A review on the basics of building energy estimation. Renewable 
and Sustainable Energy Reviews, 31: 53–60.  
Fuglsang, P., Bak, C., Schepers, J. G., & Bulder, B. (2002). Site-specific Design 
Optimization of Wind Turbines. Wind Energy, 5 (4): 261-270. 
Gan, G. (2010). Simulation of buoyancy-driven natural ventilation of buildings - 
Impact of computational domain. Energy and Buildings, 42 (8), 1290–1300.  
Gagne J. and Andersen M. 2010, ‘Multi-Objective Façade optimization for daylighting 
design using a genetic algorithm. Fourth National Conference of IBPSA-USA,  
New York. 
Geissier, A. (2005). The case for ventilated facades - Latest developments to prevent 
solar overheating of higly glazed buildings. Glass in Buildings, 2: 31–38. 
Goia, F., Perino, M., & Serra, V. (2013). Improving thermal comfort conditions by 
means of PCM glazing systems. Energy and Buildings, 60: 442–452.  
Gou, Z., & Lau, S. S. (2012). Sick building syndrome in open‐plan offices. Journal of 
Facilities Management, 10(4), 256–265.  
143 
 
Givoni, B. (1981). Conservation and the use of integrated-passive energy systems in 
architecture. Energy and Buildings, 3(3), 213–227. 
Granadeiro, V., Duarte, J. P., Correia, J. R., & Leal, V. M. S. (2013). Building 
envelope shape design in early stages of the design process: Integrating 
architectural design systems and energy simulation. Automation in Construction, 
32: 196–209.  
Grynning, S., Gustavsen, A., Time, B., & Jelle, B. P. (2013). Windows in the buildings 
of tomorrow: Energy losers or energy gainers?. Energy and Buildings, 61:185-
192. 
Gucyeter, B. and Gunaydin, H. M. (2012). Optimization of an envelope retrofit 
strategy for an existing office building. Energy and Buildings, 55: 647-659. 
Gunay, H. B., O’Brien, W., & Beausoleil-Morrison, I. (2013a). A critical review of 
observation studies, modeling, and simulation of adaptive occupant behaviors in 
offices. Building and Environment, 70, 31–47.  
Gunay, H. B., O’Brien, W., Beausoleil-Morrison, I., & Huchuk, B. (2014b). On 
adaptive occupant-learning window blind and lighting controls. Building 
Research & Information, 42(6): 739–756.  
Gupta, R., & Chandiwala, S. (2010). Understanding occupants: feedback techniques 
for large-scale low-carbon domestic refurbishments. Building Research & 
Information, 38(5), 530–548.  
Gustavsen, A., Goudey, H., Arasteh, D., Uvsløkk, S., Talev, G., Jelle, B. P., & Kohler, 
C. (2010). Experimental and Numerical Examination of the Thermal 
Transmittance of High Performance Window Frames. Thermal Performance of 
the Exterior Envelopes of Whole Buildings XI International Conference, 1-5 
December 2013, Clearwater, Florida, USA.  
Ham, Y., & Golparvar-Fard, M. (2013). EPAR: Energy Performance Augmented 
Reality Models for Identification of Building Energy Performance Deviations 
between Actual Measurements and Simulation Results. Energy and Buildings, 
63: 15–28.  
Han, X., Pei, J., Liu, J., & Xu, L. (2013). Multi-objective building energy consumption 
prediction and optimization for eco-community planning. Energy and Buildings, 
66: 22–32.  
Hartkopf, Volker., Asisan Asis, V. L. (2012). Facades and enclosures, building for 
sustainability.  Robert A. Meyers (ed.).  Encyclopedia of Sustainability Science 
144 
 
and Technology, Springer,3676-3704  
Hegger, M., Fuchs, M., Stark, T., & Zeumer, M. (2008). Energy manual: Sustainable 
architecture. Basel: Birkhause 
Heerwagen, J. (2000). Green buildings, organizational success and occupant 
productivity. Building Research & Information, 28(5-6), 353–367.  
Hoes, P., Hensen, J. L. M., Loomans, M. G. L. C., Vries, B. De, & Bourgeois, D. 
(2009). User behavior in whole building simulation, 41: 295–302.  
Holst, J. N. (2003). Using Whole Building Simulation Models and Optimizing 
Procedures To Optimize Building Envelope Design With Respect To Energy 
Consumption and Indoor Environment. 8th IBPSA Conference, 11-14 August, 
Eindhoven, Netherlands, 507–514. 
Hopfe, C. J., & Hensen, J. L. M. (2011). Uncertainty analysis in building performance 
simulation for design support. Energy & Buildings, 43(10): 2798–2805 
Heiselberg, P., H. Brohus, A. Hesselholt, H. Rasmussen, E. Seinre, and S. Thomas. 
(2009). Application of Sensitivity Analysis in Design of Sustainable Buildings. 
Renewable Energy. 34 (9): 2030–2036. 
Huang, C., Zou, Z., Li, M., Wang, X., Li, W., Huang, W., Xiao, X. (2007). 
Measurements of indoor thermal environment and energy analysis in a large 
space building in typical seasons. Building and Environment, 42(5):1869–1877.  
Hernandez, P. & Kenny, P. From net energy to zero energy buildings: defining life 
cycle zero energy buildings (LC-ZEB). (2010). Energy and Buildings, 42 9(8): 
15-21. 
Iassinovski, S., Artiba,  a., Bachelet, V., & Riane, F. (2003). Integration of simulation 
and optimization for solving complex decision making problems. International 
Journal of Production Economics, 85(1): 3–10.  
Ignacio Torrens, J., Keane, M., Costa, A., & O&apos;Donnell, J. (2011). Multi-criteria 
optimisation using past, real time and predictive performance benchmarks. 
Simulation Modelling Practice and Theory, 19(4), 1258–1265.  
Jaganathan, S., Nesan, L. J., Ibrahim, R., & Mohammad, A. H. (2013). Integrated 
design approach for improving architectural forms in industrialized building 
systems. Frontiers of Architectural Research, 2(4), 377–386.  
Jaganathan, S., Mohammed, A. H., and Rahman, M.S. A., 2016. Descriptive Review 
of energy performance evaluation approaches. Sains Humanika 8: 4(3) 59–63 
 
 
145 
 
Janeiro, R. De. (2001). Interactive tool aiding to optimise the building envelope. 
Seventh International IBPSA Conference, 13-15 August, Ria de Janeiro, Brazil, 
In Simulation. 384-394. 
Jebaraj, S., & Iniyan, S. (2006). A review of energy models. Renewable & Sustainable 
Energy Reviews, 10(4), 281–311.  
Jin, Q., Overend, M., & Thompson, P. (2012). Towards productivity indicators for 
performance-based fa??ade design in commercial buildings. Building and 
Environment, 57: 271–281.  
Joelsson, A., & Fröling, M. (2012). the Impact of the Shape Factor on Final Energy 
Demand in. World Renewable Energy, 7, 1–5. 
Jones, P. J., Lannon, S., & Williams, J. (2001). Modelling Building Energy Use At 
Urban Scale. In Seventh International IBPSA Conference, 11-14 August, Brazil,  
Building and Simulation, 175–180.  
Judkoff, R., Wortman, D., Seri, J. B., & Energy, S. (1982a). Empirical Validation of 
Building Analysis Simulation Programs : A Status Report. 
Judkoff, R., Wortman, D., Doherty, B. O., & Burch, J. (2008b). A Methodology for 
Validating Building Energy Analysis Simulations. Technical Report NREL/TP-
550-42059, Department of Energy, USA. 
Judkoff, R., Neymark. (1995). International Energy Agency Building Energy 
Simulation Test (BESTEST) and Diagnostic Method, National Renewable 
Energy Laboratory NREL/TP-472-6231, Department of Energy, USA. 
Keyvanfar, A., Shafaghat, A., Zaimi, M., Majid, A., Bin, H., Warid, M., Dhafer, A. 
(2014). User satisfaction adaptive behaviors for assessing energy ef fi cient 
building indoor cooling and lighting environment. Renewable and Sustainable 
Energy Reviews, 39: 277–295.  
Kennedy, J. and Eberhart, R. C. (1995). Particle swarm optimization. Proc. IEEE 
International. Conference on Neural Networks, 4:1942-1 948.  
Kim, J. T., & Kim, G. (2010). Overview and new developments in optical daylighting 
systems for building a healthy indoor environment. Building and Environment, 
45(2): 256–269.  
Kim, K. H. (2011). A comparative life cycle assessment of a transparent composite 
facade system and a glass curtain wall system. Energy and Buildings, 43(12): 
3436–3445.  
Kim, S. H., & Augenbroe, G. (2013). Uncertainty in developing supervisory demand-
146 
 
side controls in buildings: A framework and guidance. Automation in 
Construction, 35: 28–43.  
Kim, S. H., Kim, S. S., Kim, K. W., & Cho, Y. H. (2014). A study on the proposes of 
energy analysis indicator by the window elements of office buildings in Korea. 
Energy and Buildings, 73: 153–165.  
Konis, K. (2013). Evaluating daylighting effectiveness and occupant visual comfort in 
a side-lit open-plan office building in San Francisco, California. Building and 
Environment, 59, 662–677.  
Kotani, H., Satoh, R., & Yamanaka, T. (2003). Natural ventilation of light well in high-
rise apartment building. Energy and Buildings, 35(4), 427–434.  
Kwong, Q. J., Adam, N. M., & Sahari, B. B. (2014). Thermal comfort assessment and 
potential for energy efficiency enhancement in modern tropical buildings: A 
review. Energy and Buildings, 68: 547–557.  
Lave, C., & March, J. G. (1975). An introduction to models in the social sciences. 
Harper & Row, .New York: 
Lee, E., Selkowitz, S., Bazjanac, V., Inkarojrit, V., Kohler, C., 2002. High 
Performance Commercial Building Facades. Building Technolgies.  Program, 
Environmental Energy Technology Division, Ernest Orlando Lawrence Berkeley 
National Laboratory (LBNL). University of California, Berkeley, USA. 
Leskovar, V. Ž., & Premrov, M. (2011). An approach in architectural design of energy-
efficient timber buildings with a focus on the optimal glazing size in the south-
oriented façade. Energy and Buildings, 43(12): 3410–3418.  
Lewis, A. (2015). Designing for an imagined user: Provision for thermal comfort in 
energy-efficient extra-care housing. Energy Policy, 84: 204–212.  
Liang, H.-H., Lin, T.-P., & Hwang, R.-L. (2012). Linking occupants’ thermal 
perception and building thermal performance in naturally ventilated school 
buildings. Applied Energy, 94: 355–363.  
Liu, M., Wittchen, K. B., & Heiselberg, P. K. (2014). Development of a simplified 
method for intelligent glazed façade design under different control strategies and 
verified by building simulation tool BSim. Building and Environment, 74: 31–
38. 
Liu, S., Tao, R., & Tam, C. M. (2013). Optimizing cost and CO2 emission for 
construction projects using particle swarm optimization. Habitat International, 
37: 155–162.  
147 
 
Lomas, K. J., Eppel, H., Martin, C. J., & Bloomfield, D. P. (1997). Empirical 
validation of building energy simulation programs. Energy and Buildings, 26(3), 
253–275.  
Maile, T., Fischer, M., Bazjanac, V., & Performance, B. E. (2007). Building Energy 
performance simulation tools - A Life cycle and interoperable perspective. Center 
for integrated facility engineering, Stanford. USA. 1–49.  
Mangkuto, R. A., Rohmah, M., & Asri, A. D. (2016). Design optimisation for window 
size , orientation , and wall reflectance with regard to various daylight metrics 
and lighting energy demand : A case study of buildings in the tropics. Applied 
Energy, 164, 211–219.  
Manzan M, Pinto F. (2009) Genetic optimization of external shading devices. Eleventh 
International IBPSA Conference, 27-30 July, Glasgow, Scotland, Building 
Simulation, 180-187. 
Marks, W. (1997). Multicriteria optimisation of shape of energy-saving buildings. 
Building and Environment, 32(4): 331–339. 
Martínez, G., Pacheco, R., & Ordó, J. (2012). Energy efficient design of building : A 
review. Renewable and Sustainable Energy Reviews, 16: 3559–3573. 
Masoso, O. T., & Grobler, L. J. (2010). The dark side of occupants’ behaviour on 
building energy use. Energy and Buildings, 42(2): 173–177.  
Mc Keen, P., and Fung, A, S. (2014). The effect of building aspect ratio on energy 
efficiency: A case study for multi-unit residential buildings in Canada. Building, 
4: 336-354. 
Menezes, A. C., Cripps, A., Bouchlaghem, D., & Buswell, R. (2012). Predicted vs. 
actual energy performance of non-domestic buildings: Using post-occupancy 
evaluation data to reduce the performance gap. Applied Energy, 97: 355–364.  
Newsham, G. R., Mancini, S., & Birt, B. J. (2009). Do LEED-certified buildings save 
energy? Yes, but…..Energy and Buildings, 41(8): 897–905.  
Nguyen, A. T., Reiter, S., & Rigo, P. (2014b). A review on simulation-based 
optimization methods applied to building performance analysis. Applied Energy, 
113: 1043–1058.  
Mc Keen, P. and Fung, A. (2014). The effect ofbuilding aspect ratio on energy 
efficiency: A case study for multi-unit residential building in Canada. Buildings, 
4: 336-354. 
Nicol, J. F. (2001). Characterising occupant behavior in buildings: Towards a 
148 
 
stochastic model of occupant use of windows, lights, blinds heaters and fans. In 
Seventh International IBPSA Conference, August 13-15, Rio de Janeiro, Brazil, 
Buillding Simulation 1073–1078. 
Nicol. J. F. & Humphreys, M. A. (2002). Adaptive thermal comfort and sustainable 
thermal standards for buildings. Energy and Buildings, 34: 563-572. 
Nizam, S., Egbu, C. O., Marinie, E., Zawawi, A., Shah, A., & Che-ani, A. I. (2011). 
The effect of indoor environmental quality on occupants ’ perception of 
performance : A case study of refurbished historic buildings in Malaysia, 43, 
407–413. 
Oldfield, P., Trabucco, D., & Wood, A. (2009.). Five energy generations of tall 
buildings : An historical analysis of energy consumption in high-rise buildings,. 
The Journal of Architecture, 14 (5): 591-613.  
Oral, G. K., Yener, A. K., & Bayazit, N. T. (2004). Building envelope design with the 
objective to ensure thermal, visual and acoustic comfort conditions. Building and 
Environment, 39(3): 281–287.  
Ourghi, R., Al-Anzi, A., & Krarti, M. (2007). A simplified analysis method to predict 
the impact of shape on annual energy use for office buildings. Energy Conversion 
and Management, 48(1): 300–305.  
Palmer, J., Bennetts, H., Pullen, S., Zuo, J., Ma, T., & Chileshe, N. (2014). The effect 
of dwelling occupants on energy consumption: the case of heat waves in 
Australia. Architectural Engineering and Design Management, 10 (1-2): 40–59.  
Parasonis, J., Keizikas, A., & Kalibatiene, D. (2012). The relationship between the 
shape of a building and its energy performance. Architectural Engineering and 
Design Management, 8: 246–256.  
Persson M.-L., Roos, A., Wall, Maria. (2006). Influence of window size on the energy 
balance of low energy houses. Energy and Buildings, 38 (2006) 181–188 
Pessenlehner W, Mahdavi A. A. (2003). Building morphology, transparency, and 
energy performance. Eighth international IBPSA conference proceedings, 11-
14th August , Eindhoven, Netherlands: Buildings and Simulation, 1025-1032 
Popescu, D., Bienert, S., Schützenhofer, C., & Boazu, R. (2012). Impact of energy 
efficiency measures on the economic value of buildings. Applied Energy, 89(1), 
454–463.  
Rapone, G., & Saro, O. (2012). Optimisation of curtain wall façades for office 
buildings by means of PSO algorithm. Energy and Buildings, 45: 189–196.  
149 
 
Ravindu, S., Rameezdeen, R., Zuo, J., & Zhou, Z. (2015). Indoor environment quality 
of green buildings : Case study of an LEED platinum certified factory in a warm 
humid tropical climate. Building and Environment, 84:105–113.  
Reinhart, C. F., & Wienold, J. (2011). The daylighting dashboard – A simulation-
based design analysis for daylit spaces. Building and Environment, 46(2): 386–
396.  
Ritter, F., Geyer, P., & Bormann, A. (2015). Simulation-based Decision-making in 
Early Design Stages. Proc. of the 32nd CIB W78 Conference 2015, 27-29 October 
2015, Eindhoven, Netherlands. 657–666. 
Roetzel, A., & Tsangrassoulis, A. (2012). Impact of climate change on comfort and 
energy performance in offices. Building and Environment, 57: 349–361. 
Rysanek, A. M., & Choudhary, R. (2013). Optimum building energy retrofits under 
technical and economic uncertainty. Energy and Buildings, 57: 324–337.  
Sadineni, S. B., Madala, S., & Boehm, R. F. (2011). Passive building energy savings: 
A review of building envelope components. Renewable and Sustainable Energy 
Reviews, 15(8), 3617–3631.  
Sawyer, L., de Wilde, P., & Turpin‐Brooks, S. (2008). Energy performance and 
occupancy satisfaction. Facilities, 26 (13/14):542–551.  
Schnier T., & Gero, J.S. T. (1998). From Frank LloydWright to Mondrian: 
transforming evolving representations ,Adaptive Computing in 
DesignandManufacture, I. Parmee (Ed.), Springer, London, 207–219 
Sobar, N. L., Podbelski, L., Yang, H. M., & Pease, B. (2012). Electrochromic dynamic 
windows for office buildings. International Journal of Sustainable Built 
Environment, 1(1), 125–139.  
Shen, H., & Tzempelikos, A. (2010). A parametric Analysis for the Impact of facade 
design options on the daylighting performance of office spaces. 1st International 
High Performance Buildings Conference. 2-5 July, Purdue. 
Sook, S., Jeong, M., & Don, Y. (2016). Policies and status of window design for 
energy efficient buildings. Procedia Engineering, 146, 155–157.  
Sozer, H. (2010). Improving energyefficiency through the design of the building 
envelope. Building and Environment, 45(12), 2581–2593.  
Spindler, H. C., & Norford, L. K. (2009). Naturally ventilated and mixed-mode 
buildings—Part I: Thermal modeling. Building and Environment, 44(4), 736–
749.  
150 
 
St, G., & Bartlett, T. (2012). Determinants of Energy Use in Uk Higher Education. 
Stavrakakis, G. M., Karadimou, D. P., Zervas, P. L., Sarimveis, H., & Markatos, N. C. 
(2011a). Selection of window sizes for optimizing occupational comfort and 
hygiene based on computational fluid dynamics and neural networks. Building 
and Environment, 46(2): 298–314.  
Stavrakakis, G. M., Karadimou, D. P., Zervas, P. L., Sarimveis, H., Markatos, N. C., 
Gunay, H. B., Olesen, B. W. (2012b). On adaptive occupant-learning window 
blind and lighting controls. Building and Environment, 45(4), 739–756.  
Stavrakakis, G. M., Zervas, P. L., Sarimveis, H., Markatos, N. C., Carmody, J., 
Haglund, K., Jelle, B. P. B. P. (2012c). Optimization of window-openings design 
for thermal comfort in naturally ventilated buildings. Building and Environment, 
46(2): 739–756.  
Stegmann, J., and Lund, E. (2005). Discrete material optimization of general 
composite shell structures.  International Journal for Numerical Methods in 
Engineering, 62: 2009-2007. 
Struck, C., de Wilde, P. J. C. J., Hopfe, C. J., & Hensen, J. L. M. (2009). An 
investigation of the option space in conceptual building design for advanced 
building simulation. Advanced Engineering Informatics, 23(4), 386–395.  
Stiny, G, (2006). Shape: Talking about seing and doing.  The MIT Press, Cambridge, 
Massachusetts London, England 
Su, X., & Zhang, X. (2010). Environmental performance optimization of window-wall 
ratio for different window type in hot summer and cold winter zone in China 
based on life cycle assessment. Energy and Buildings, 42(2), 198–202. 
Summerfield, A. J., & Robert Lowe. (2012). Challenges and future directions for 
energy and buildings research. Building Research & Information, 40 (4): 391-
400, 
Susorova, I., Angulo, M., Bahrami, P., & Brent Stephens. (2013). A model of 
vegetated exterior facades for evaluation of wall thermal performance. Building 
and Environment 67: 1–13.  
Takashi, M., Shuichi, H., Daisuke, O., & Masahiko, T. (2013). Improvement of 
thermal environment and reduction of energy consumption for cooling and 
heating by retrofitting windows. Frontiers of Architectural Research, 2 (1), 1–
10.  
Tazilan, A. (2012). Identifying microarchitecture for sustainable design in Malaysia. 
151 
 
Sustainable and built environment, 1(2), 172-185.  
Tian, W., & De Wilde, P. (2011). Uncertainty and sensitivity analysis of building 
performance using probabilistic climate projections: A UK case study. 
Automation in Construction, 20(8), 1096–1109.  
Tian, Z., Love, J. a., & Tian, W. (2009). Applying quality control in building energy 
modelling: comparative simulation of a high performance building. Journal of 
Building Performance Simulation, 2(3), 163–178.  
Tofield, B. (2012). Delivering a low-energy low energy building. Adapt Low Carbon 
Group, University of East Anglia, Norwich, UK. 1-104. 
Torres, S. L., & Sakamoto, Y. (2007). Facade design optimization for daylight with a 
simle genetic algorithm. In Building Simulation , 1162–1167. 
Trianni, A., Cagno, E., & De Donatis, A. (2014). A framework to characterize energy 
efficiency measures. Applied Energy, 118: 207–220.  
Tuhus-Dubrow, D., & Krarti, M. (2009). Comparative Analysis of Optimization 
Approaches to Design Building Envelope for Residential Buildings. ASHRAE 
Transactions, 115.  
Tuhus-Dubrow, D., & Krarti, M. (2010). Genetic-algorithm based approach to 
optimize building envelope design for residential buildings. Building and 
Environment, 45(7), 1574–1581.  
Tweed, C., Dixon, D., Hinton, E., & Bickerstaff, K. (2014). Thermal comfort practices 
in the home and their impact on energy consumption. Architectural Engineering 
and Design Management, 10 (1-2):1–24.  
Tzempelikos, A., Athienitis, A. K., & Karava, P. (2007). Simulation of façade and 
envelope design options for a new institutional building. Solar Energy, 81(9): 
1088–1103. 
Yang, L., Lam, J. C., & Tsang, C. L. (2008). Energy performance of building 
envelopes in different climate zones in China. Applied Energy, 85(9), 800–817. 
Wagner, A., Lützkendorf, T., Voss, K., Spars, G., Maas, A., & Herkel, S. (2014). 
Performance analysis of commercial buildings - Results and experiences from the 
German demonstration program “Energy Optimized Building (EnOB).” Energy 
and Buildings, 68: 634–638. 
Wang, S., & Xu, X. (2006). Simplified building model for transient thermal 
performance estimation using GA-based parameter identification. International 
Journal of Thermal Sciences, 45(4), 419-432. 
152 
 
Wang, L., Mathew, P., & Pang, X. (2012). Uncertainties in energy consumption 
introduced by building operations and weather for a medium-size office building. 
Energy and Buildings, 53, 152–158.  
Wang, W., Rivard, H., & Zmeureanu, R. (2006). Floor shape optimization for green 
building design. Advanced Engineering Informatics, 20(4): 363–378.  
Wetter, M., & Wright, J. (2004). A comparison of deterministic and probabilistic 
optimization algorithms for nonsmooth simulation-based optimization. Building 
and Environment, 39(8 SPEC. ISS.), 989–999.  
Wright, J. A., Loosemore, H. A., & Farmani, R. (2002). Optimization of building 
thermal design and control by multi-criterion genetic algorithm. Energy and 
Buildings, 34(9), 959–972. 
Wright J, Mourshed M. Geometric optimization of fenestration. Eleventh 
International IBPSA Conference, 27-30 July, Glasgow, Scotland, In: 
Proceedings: Building Simulation, 920-927.  
Xamán, J., Jiménez-xamán, C., Álvarez, G., Zavala-guillén, I., Hernández-pérez, I., & 
Aguilar, J. O. (2016). Thermal performance of a double pane window with a solar 
control coating for warm climate of Mexico. Applied Thermal Engineering, 106, 
257–265.  
Xiang fei, K.,  Shi-lei LÜ,  Ya-juan XIN,  WeiXiang WU. K., Ya, X. I. N.,  & Wei, 
W. U., Science, E. (2012). Energy consumption , indoor environmental quality , 
and benchmark for office buildings in Hainan Province of China. Journal of 
central South University, 19: 783–790.  
Yang, L., Yan, H., & Lam, J. C. (2014). Thermal comfort and building energy 
consumption implications - A review. Applied Energy, 115: 164–173.  
Yassin, M. F. (2011). Impact of height and shape of building roof on air quality in 
urban street canyons. Atmospheric Environment, 45(29): 5220–5229.  
Yab Dato Seri Abdullah Ahmad (2006). Nineth Malaysian Plan. , 31 March, 
Priminister speech in The Dewan Rakyat. Malaysia. 
Yang, Q., Liu, M., Shu, C., Mmereki, D., Hossain, U., & Zhan, X. (2015). Impact 
analysis of window-wall ratio on heating and cooling energy consumption of 
residential buildings in hot summer and cold winter zone in China. Journal of 
Engineering, 2015: 1-17. 
Yin, R. K. (2011). Case Study Research - Design and Methods. Sage, New Delhi. 
Zemella, G., De March, D., Borrotti, M., & Poli, I. (2011). Optimised design of energy 
153 
 
efficient building facades via Evolutionary Neural Networks. Energy and 
Buildings, 43(12): 3297–3302.  
Zemella, G., & Faraguna,  A. (2014). Evolutionary optimisation of facade design: A 
New approach for the design of building envelopes,  Springer- Verlag, London. 
Zhai, Z. J., & Chen, Q. Y. (2005). Performance of coupled building energy and CFD 
simulations. Energy and Buildings, 37(4), 333–344.  
Zhao, H., & Magoulès, F. (2012). A review on the prediction of building energy 
consumption. Renewable and Sustainable Energy Reviews, 16 (6): 3586–3592.  
Znouda E, Ghrab-Morcos N, Hadj-Alouane A. (2007). Optimization of mediterranean 
building design using genetic algorithms. Energy and Buildings, 39. 148-153. 
 
  
